FHC (familial hypertrophic cardiomyopathy) is a heritable form of cardiac hypertrophy caused by mutations in genes encoding sarcomeric proteins. The present study focuses on the A13T mutation in the human ventricular myosin RLC (regulatory light chain) that is associated with a rare FHC variant defined by mid-ventricular obstruction and septal hypertrophy. We generated heart-specific Tg (transgenic) mice with ∼ 10 % of human A13T-RLC mutant replacing the endogenous mouse cardiac RLC. Histopathological examinations of longitudinal heart sections from Tg-A13T mice showed enlarged interventricular septa and profound fibrotic lesions compared with Tg-WT (wildtype), expressing the human ventricular RLC, or non-Tg mice. Functional studies revealed an abnormal A13T mutation-induced increase in isometric force production, no change in the forcepCa relationship and a decreased V max of the acto-myosin ATPase. In addition, a fluorescence-based assay showed a 3-fold lower binding affinity of the recombinant A13T mutant for the RLCdepleted porcine myosin compared with WT-RLC. These results suggest that the A13T mutation triggers a hypertrophic response through changes in cardiac sarcomere organization and myosin cross-bridge function leading to abnormal remodelling of the heart. The significant functional changes observed, despite a low level of A13T mutant incorporation into myofilaments, suggest a 'poison-peptide' mechanism of disease.
INTRODUCTION
FHC (familial hypertrophic cardiomyopathy) is an autosomaldominant disorder caused by mutations in major sarcomeric proteins of the heart including the MHC (β-myosin heavy chain), myosin RLC (regulatory light chain) and ELC (essential light chain), myosin-binding protein C, Tm (tropomyosin), troponin (TnT, TnI and TnC), actin and titin [1] [2] [3] [4] [5] [6] . The disease typically presents with asymmetric LV (left ventricular) hypertrophy, myofilament disarray and myocardial fibrosis. The prevalence of FHC is approximately 0.2-0.5 % of the general population and it is considered the leading cause of SCD (sudden cardiac death), especially among athletes and young adults under 30 [7] . The A13T substitution in the myosin ventricular RLC was one of the first RLC mutations found in patients suffering from a rare variant of hypertrophic cardiomyopathy that involved massive hypertrophy of the papillary muscles and adjacent ventricular tissue causing a mid-cavity LV obstruction [8] . This mutation was later found to cause pronounced septal and ventricular hypertrophy and diastolic filling abnormalities [9, 10] .
The RLC binds to the myosin heavy chain IQ motif and together with the ELC supports the lever arm domain of the myosin head known to amplify small conformational changes originating at the myosin catalytic site into large movements needed to produce force and motion [11, 12] . Mutations in the RLC may cause changes in the lever arm structure and/or function, thus leading to altered force generation and cardiac disease. Specifically, it is important to understand how the conformational change associated with the N-terminal A13T substitution in the myosin RLC can affect the interaction of RLC with the MHC and then mutant myosin with actin and ultimately the development of contractile force and heart performance.
The RLC is a member of a large EF-hand Ca 2 + -binding protein family including TnC and CaM (calmodulin), and it is of interest to elucidate the potential Ca 2 + -dependent alterations in tension production via RLC FHC-induced changes in the Ca 2 + /Mg 2 + -binding site (residues [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] , and how they may affect muscle contraction [3, 13] . Furthermore, the N-terminal domain of the human ventricular myosin RLC also contains the Ca 2 + /CaMactivated MLCK (myosin light chain kinase) phosphorylation site at Ser 15 , which is two amino acids away from the site of the FHC mutation at Ala 13 . As we and other investigators have shown, phosphorylation of myosin RLC plays an important role in cardiac muscle contraction [14] [15] [16] [17] [18] [19] , and it is of great interest to investigate whether the A13T mutation affects RLC phosphorylation in vivo and consequently cardiac muscle function.
In the present study, we have generated heart-specific Tg (transgenic) mice expressing the human ventricular A13T-RLC mutation to elucidate the underlying mechanisms of this mutation, and to test whether specific functional and structural abnormalities observed in Tg-A13T mice could be correlated with clinical phenotypes [8] [9] [10] . Approximately 10 % of endogenous mouse cardiac RLC was replaced by the A13T mutant of human ventricular RLC in Tg-A13T mouse myocardium, whereas ∼ 40 % and ∼ 100 % of human ventricular RLC incorporation was achieved in Tg-WT (wildtype) mice. In agreement with phenotypes observed in humans, histopathology study on longitudinal heart sections from Tg-A13T mice showed enlarged interventricular septa and profound fibrotic lesions compared with Tg-WT or NTg (non-Tg) mice. Functional studies with Tg cardiac muscle preparations showed a 1.4-fold increase in maximal contractile force and a ∼ 25 % decrease in the V max of actin-activated myosin ATPase in Tg-A13T compared with Tg-WT or NTg mice. The molecular mechanisms responsible for these significant functional changes observed despite a low level of incorporation of the A13T-RLC mutant into mouse cardiac sarcomeres are discussed below.
MATERIALS AND METHODS

Generation of Tg mice
All animal studies were conducted in accordance with institutional guidelines. The University of Miami has an Animal Welfare Assurance (A-3224-01, effective 11 July 2007) on file with the OLAW (Office of Laboratory Animal Welfare), National Institutes of Health. We have generated Tg mouse models of WT human ventricular RLC (NCBI accession no. P10916) [20] and the A13T mutation, shown by population studies to cause FHC [8] [9] [10] . The cDNA of the A13T-RLC protein was cloned into the unique SalI site of the plasmid, α-myosin heavy chain clone 26 (generously provided by Dr J. Robbins, Cincinnati Children's Hospital Medical Center, Cincinnati, OH, U.S.A.). The resulting constructs contained approximately 5.5 kb of the mouse α-myosin heavy chain promoter, including the first two exons and part of the third, followed by the A13T cDNA (498 bp) and a 630 bp 3 -untranslated region from the human growth hormone transcript [20] . All founders were bred to non-Tg B6SJL mice. Multiple crosses of Tg mice with B6SJL/F1 mice were performed before the animals were used for experiments.
Histopathological characterization
After killing, the hearts of ∼ 6-month-old male mice from each group were excised and immersed in 10 % buffered formalin. Slides of whole mouse hearts were prepared by American Histolabs. The paraffin-embedded longitudinal and cross-sections of whole mouse hearts stained with H/E (haematoxylin and eosin) and Masson's trichrome were examined for overall morphology, hypertrophy and fibrosis using a Dialux 20 microscope, ×40/0.65 NA (numerical aperture) Leitz Wetzlar objective and an AxioCam HRc camera (Zeiss). Slides with H/E-stained longitudinal sections from NTg, Tg-WT and Tg-A13T mouse hearts were analysed for the number of nuclei. The nuclei count was taken from four segments of each slide (approximate area = 0.014 mm 2 ), averaged and expressed per mm 2 . Five to eight slides from each group of mice were analysed.
Analysis of Tg protein expression
The α-MHC-driven expression of the human ventricular WT or A13T-RLC proteins in mouse hearts was quantified utilizing mouse atrial heart samples. The expression level was assessed on the basis of the greater gel mobility of the human ventricular RLC (18.7 kDa) compared with mouse atrial RLC (19.3 kDa) [20] . Approximately 10 mg of atrial tissue from Tg-A13T, Tg-WT and NTg mice of various ages and genders were minced in a solution consisting of 8 M urea, 10 mM Tris/HCl, pH 7.0, 1 % SDS, 1 % 2-mercaptoethanol, 1 mM EDTA, 1 mM PMSF and protease inhibitor cocktail (Sigma-Aldrich), homogenized, clarified by centrifugation at 18 000 g for 10 min and quantified by a Coomassie-Plus Assay (Pierce). The extracts were loaded at 30 μg per lane, subjected to SDS/15 % PAGE and Coomassie Blue-stained, whereas approximately 20 μg per lane was electrophoresed for Western blotting. The Tg protein was detected using polyclonal anti-RLC CT-1 antibodies, with an epitope located in the C-terminus of the human ventricular RLC sequence (NCBI accession no. P10916), produced in our laboratory, followed by a secondary goat anti-rabbit antibody conjugated with the fluorescent dye IR red 800 [20, 21] . Total ELC (ELC of myosin) was detected with the monoclonal ab680 antibody (Abcam) followed by a secondary goat anti-mouse antibody conjugated with the fluorescent dye Cy 5.5. Blots were scanned and the respective bands were quantified using the Odyssey Infrared Imaging System (LI-COR).
Analysis of protein phosphorylation
After killing, the hearts from 5-6-month-old Tg-A13T, Tg-WT and NTg mice were excised and the ventricles were immediately isolated and frozen in liquid nitrogen. Prior to the experiment, the tissue was thawed and homogenized in a buffer consisting of 8 M urea, 10 mM Tris/HCl, pH 7.0, 1 % SDS, 1 % 2-mercaptoethanol, 1 mM EDTA, 1 mM PMSF, 1 μl/ml protease inhibitor cocktail (Sigma) and 5 nM microcystin, and loaded on to SDS/15 % PAGE. The phosphorylated Tg RLC was detected with + P-RLC antibodies recognizing the phosphorylated form of the human or mouse ventricular RLC followed by a secondary goat anti-rabbit antibody conjugated with the fluorescent dye IR red 800. The total RLC protein was detected with a rabbit polyclonal RLC CT-1 antibody whereas the total ELC was detected with the ab680 antibody (as above), both of which served as loading controls.
Actin-activated myosin ATPase activity
Myosins isolated from the hearts of 3-5-month-old Tg-mice were purified as described previously [22, 23] . Rabbit skeletal F-actin (filamentous actin) was prepared according to Kazmierczak et al. [23] . Actin-activated myosin ATPase activity was measured as a function of actin concentration and the data were analysed as described in detail in [23] . Briefly, 0.5 μM myosin dissolved in 0.4 M KCl (in monomeric form) was added to the 96-well microplate containing increasing concentrations of rabbit skeletal F-actin (in μM): 0.1, 5, 10, 15, 20 and 25. The assay was performed in a 120 μl reaction volume in a buffer consisting of 25 mM imidazole, pH 7.0, 4 mM MgCl 2 , 1 mM EGTA and 1 mM DTT (dithiothreitol). The final KCl concentration was 107 mM. Protein mixtures were first incubated on ice for 10 min and then for another 10 min at 30
• C. The reactions (run in triplicate) were initiated with the addition of 2.5 mM ATP with mixing in a Jitterbug incubator shaker (Boekel), allowed to proceed for 15 min at 30
• C and then terminated by the addition of 5 % trichloroacetic acid. Precipitated proteins were cleared by centrifugation and the P i was determined using the method of Fiske and Subbarow [24] . Data were analysed using the Michaelis-Menten equation, yielding V max and K m [25, 26] .
Skinned muscle fibres
The papillary muscles of the left ventricles from 5-6-month-old Tg female mice were isolated, dissected into muscle bundles and chemically skinned in 50 % glycerol and 50 % pCa 8 solution {10
− 8 M Ca 2 + , 1 mM free Mg 2 + [total MgPr (propionate) = 3.88 mM], 7 mM EGTA, 2.5 mM Mg-ATP 2 − , 20 mM Mops, pH 7.0, 15 mM creatine phosphate and 15 units/ml of creatine kinase, ionic strength = 150 mM adjusted with KPr} containing 1 % Triton X-100 for 24 h at 4
• C. Then the fibres were transferred to the same solution without Triton X-100 and stored at − 20
• C for approximately 5 days [21] .
Steady-state force development
A bundle of approximately three or four single fibres isolated from a batch of glycerinated skinned mouse papillary fibres was attached by tweezer clips to a force transducer of the Guth muscle research system, placed in a 1 ml cuvette and freshly skinned in 1 % Triton X-100 dissolved in pCa 8 buffer for 30 min to remove the remaining membrane and ECM (extracellular matrix) proteins. Next the fibres were washed twice in pCa 8 buffer and tested for steady-state force development in pCa 4 solution (composition is the same as pCa 8 buffer except for the [Ca 2 + ] = 10 − 4 M). Maximal steady-state force development was measured in Tg-A13T, Tg-WT and NTg fibres, and expressed in Newtons per cross-section of muscle fibre (kN/m 2 ), with the cross-sectional area assumed to be circular [27] . The measurement of fibre diameter was taken at ∼ 3 points along the fibre length with an SZ6045 Olympus microscope (zoom ratio of 6.3:1, up to ×189 maximum magnification) and averaged [27] . Maximal tension developed by Tg-A13T muscle fibres was compared with controls, Tg-WT and NTg mice. All mechanical experiments on glycerinated skinned papillary muscle fibres were carried out at room temperature (22
• C).
The Ca 2 + dependence of force development
After the initial steady-state force was determined, the fibres were relaxed in pCa 8 buffer and then exposed to solutions of increasing Ca 2 + concentration from pCa 8 to pCa 4 [28] . The maximal force was measured in each 'pCa' solution followed by a short relaxation of the fibres in pCa 8 solution. Data were analysed using the Hill equation [29] , where [Ca 2 + ] 50 (pCa 50 ) is the free Ca 2 + concentration that produces 50 % force, and h ('n H ') is the Hill coefficient.
Depletion of native RLC from porcine cardiac myosin and reconstitution with increasing concentrations of human cardiac WT-RLC or A13T-RLC mutant
Porcine cardiac myosin was purified as described by Pant et al. [30] . Recombinant human cardiac WT-RLC and A13T-RLC were expressed and purified as described by Szczesna et al. [31] . Endogenous native RLC was depleted from porcine myosin by incubation of myosin with 1 % Triton X-100 and 5 mM CDTA (1,2-cyclohexylenedinitrilotetra-acetic acid), pH 8.5, for 60 min at room temperature. The Triton/CDTA-treated myosin was then precipitated with 13 volumes of ice-cold water containing 1 mM DTT and was collected by centrifugation (8000 g at 4
• C for 10 min). Myosin depleted of endogenous RLC was then resuspended in a buffer composed of 0.4 M KCl, 50 mM Mops, pH 7.0, 2 mM MgCl 2 and 1 mM DTT, and titrated with increasing concentrations of recombinant human cardiac RLC (WT or A13T) in the presence of BSA, used to prevent any non-specific RLC binding. The mixtures were incubated for 30 min at room temperature and left to precipitate in 13 volumes of ice-cold 1 mM DTT for 20 min. Protein complexes were then pelleted by centrifugation and separated by SDS/PAGE. Coomassie Bluestained gels were scanned and the bands were quantified using the Odyssey Infrared Imaging System. The ELC of myosin, not extracted under experimental conditions used [30] , served as a loading control and the ELC/RLC band ratios were used to determine the degree of reconstitution with A13T-and WT-RLC.
Fluorescence measurements
Rabbit skeletal actin was labelled with pyrene iodoacetamide (Invitrogen/Molecular Probes) as follows: F-actin was dissolved in the F-actin buffer, containing 10 mM Mops, 1 mM MgCl 2 and 40 mM KCl, pH 7, to a concentration of ∼ 2 mg/ml and was allowed to react with an 8 M excess of pyrene [dissolved in DMF (dimethylformamide)], for 16 h in the dark at the room temperature with constant rotation. Then the reaction was quenched with 1 mM DTT and the preparation was centrifuged at 940 g for 1 h. Then F-actin was dialysed against G-actin buffer (5 mM Tris/HCl, pH 8.0, 0.2 mM CaCl 2 and 0.2 mM ATP), to remove excess pyrene, overnight at 4
• C. G-actin was dialysed against F-actin buffer to form F-actin at 4
• C for 4 h. The resulting molar ratio of pyrene/F-actin was 0.8, determined using the molar absorption coefficient (ε), ε 344 (pyrene) = 22 000 M − 1 · cm − 1 . For these assays, the time of RLC-depletion in porcine myosin was decreased to 30 min, and the RLC-depleted myosin was then incubated on ice for 2 h with slow stirring with recombinant WT or A13T-RLC in a 1:3 molar ratio. The WT-or A13T-reconstituted myosins were dialysed overnight against 5 mM DTT and used in actin-binding experiments. Pyrene-labelled F-actin at 0.5 μM (stabilized by 0.5 μM phalloidin), was titrated with increasing concentrations of A13T-or WT-reconstituted myosins in a 2 ml cuvette in a buffer containing 10 mM Mops and 0.4 M KCl, pH 7.0. Fluorescence was recorded with λ em at 408 nm and with λ ex at 340 nm using a FP-6500 fluorimeter (Jasco). The binding isotherms were fitted to the non-linear binding model:
where m 1 is the fluorescence intensity at 0 μM myosin, m 2 is the fluorescence intensity at saturating myosin concentrations, and ν is the fractional saturation of binding sites and is a root of the quadratic equation:
where a and b are the total concentrations of actin (a = 0.5 μM) and myosin respectively, n is the apparent stoichiometry and K d is the apparent equilibrium dissociation constant [32] .
Statistical analysis
Data are expressed as the average of n experiments + − S.E.M. Multiple comparisons between groups were performed using one-way ANOVA procedures and an unpaired Student's t test (Sigma Plot 11; Systat Software). The significance was defined as P < 0.05.
RESULTS
Two previously generated Tg mouse lines of Tg-WT expressing ∼ 100 % (L2) and ∼ 40 % (L4) of the human ventricular myosin RLC were used in these studies [20] . Tg-WT mice served as controls for the newly produced Tg-A13T mice (L1 and L2). Because of the low A13T-RLC expression in Tg-A13T L1 mice (see below), the NTg littermates were included as additional control group in all experiments performed. Therefore all Tg-A13T results presented were compared with Tg-WT (L2 and L4) and NTg mice.
Histology
Histopathological evaluation of the hearts from Tg-A13T, Tg-WT and NTg mice is presented in Figure 1 . As shown in Figure 1 (A), a significantly larger IVS (inter-ventricular septal) mass was observed in longitudinal sections of H/E-stained whole hearts from representative 6-month-old Tg-A13T mice Figure 1C ). In addition, the analysis of high-magnification images of H/E-stained IVS sections from the hearts of Tg mice from all groups ( Figure 1B ) revealed a significant decrease in the number of nuclei/mm 2 in Tg-A13T hearts compared with Tg-WT or NTg hearts ( Figure 1D) . A lower nuclei count per mm 2 in Tg-A13T heart sections indicates an A13T-induced hypertrophy leading to an increase in the twodimensional size of myocytes compared with the two-dimensional images of myocytes from Tg-WT or NTg hearts. These findings demonstrate that the human phenotype of septal hypertrophy observed in patients harbouring this mutation [8] [9] [10] could be recapitulated in mice.
Analysis of protein expression and phosphorylation
The expression of the A13T mutant of RLC in Tg mouse L1 determined in mouse atrial extracts probed with CT-1 polyclonal anti-RLC antibodies [20] was 11.4 + − 1.8 % (n = 8 mice), whereas another Tg-A13T mouse line (L2) failed to produce any A13T-RLC protein (Figure 2A, upper panel) . As with the R58Q and N47K FHC-linked RLC mutations studied previously [20] , the α-MHC-driven expression of WT and A13T proteins was quantified utilizing mouse atrial heart samples. This is because there is very little difference in molecular mass between Tg human (P10916: M W = 18.789 kDa) and endogenous mouse (P51667: M W = 18.864 kDa) ventricular RLC resulting in no differential gel mobility of RLC in ventricular mouse samples (Figure 2A , lower panel, t-RLC ventr. bands) preventing a direct assessment of the mutant protein in ventricles. However, a substantial difference in gel mobility is observed between Tg human ventricular RLC (WT or A13T) and the endogenous mouse atrial RLC (Q9QVP4: M W = 19.450 kDa) allowing for a quantitative determination of transgene protein expression (Figure 2A, upper panel) . Although Figure 2(B) demonstrates the level of RLC phosphorylation determined in LV extracts of the rapidly frozen hearts from Tg-A13T against Tg-WT and NTg mice by SDS/PAGE and phospho-specific anti-RLC antibody [19] (Figure 2B , lower panel). As in Figure 2 (A), total RLC protein in all mouse models shown in Figure 2 (B) was probed with the anti-CT-1 antibody. Total ELC probed with the anti-ELC antibody was used as a loading control. As indicated, compared with NTg and Tg-WT mice, the endogenous RLC phosphorylation in Tg-A13T mice was not affected by the A13T mutation ( Figure 2B, lane 2 compared with lanes 1 and 3) . This result, however, was somewhat expected after consideration of the very low level of A13T expression.
Actin-activated myosin ATPase activity assays
Myosin is an ATPase that converts chemical energy into directed movement powering muscle contraction [33] . The steady-state actin-activated myosin ATPase activities of Tg myosins purified from the mouse hearts were determined as a function of increasing F-actin concentrations (Figure 3) . ATPase isotherms were obtained by plotting the ATPase activity against F-actin concentration, with data points expressed as means + − S.E.M. for four to five experiments. The data were fitted to the Michaelis-Menten equation yielding the V max and K m parameters. A significant decrease in V max was observed in Tg-A13T mice (0.376 + − 0.016 s − 1 ) compared with Tg-WT (0.508 + − 0.012 s − 1 ) or NTg (0.627 + − 0.039 s − 1 ) mice (Figure 3 ). V max represents the rate constant of the transition from the weakly (A · M · ATP↔A · M · ADP · P i ) to strongly (A · M · ADP↔A · M) (A is actin, and M is myosin) bound myosin cross-bridges, with phosphate (P i ) release being rate-limiting [33] . Therefore the A13T mutation decreased the rate of the weak-to-strong actinbinding transition by 25 % and 40 % compared with Tg-WT and NTg myosins respectively (Figure 3 ). The K m (dissociation constant) values between Tg-A13T (2.35 + − 0.21 μM) and Tg-WT (2.00 + − 0.05 μM) or NTg (1.75 + − 0.32 μM) myosins were slightly different, but the differences were not statistically significant (Figure 3 ). Since the actin-activated hydrolysis of Mg-ATP by myosin fuels muscle contraction, these results suggest that the A13T mutation may affect the ability of the mutated crossbridges to hydrolyse ATP decreasing chemical energy that could be used to produce mechanical work.
Force development in skinned papillary muscle fibres
Cardiac muscle contraction is powered by the MgATP-dependent interaction of myosin with actin. To understand the effect of the A13T mutation in myosin RLC on force generation and to examine whether a reduced actin-activated myosin ATPase activity in Tg-A13T mice might affect average isometric force, we measured Ca 2 + -dependent steady-state force development in skinned papillary muscle fibres from Tg-A13T against Tg-WT and NTg fibres. As shown earlier [20] , the papillary muscle fibres were least affected by any FHC-linked RLC mutations as evaluated by histopathological changes in the mutated myocardium, and therefore were used in the functional studies. Any remaining extracellular collagen deposits were removed from the fibres during the process of skinning with 1 % Triton X-100 (see the Materials and methods section). The average length and diameter of the fibres used in the experiments were 1. Figure 4A ). Statistical analysis of the cross-sectional area of Tg-A13T, Tg-WT or NTg fibres revealed no differences between the groups (P > 0.05), indicating that the observed increase in force in Tg-A13T against control fibres was due to a diseasecausing mutation and not due to potential differences in crosssectional area between the fibres from different mice. The increase in maximal tension was not accompanied by any changes in myofilament Ca 2 + sensitivity and, as demonstrated in Figure 4 (B), no significant differences in the pCa 50 values of the force-pCa dependence were observed between Tg-A13T fibres compared with Tg-WT and NTg fibres (P > 0.05). The midpoint pCa 50 values were: Tg-A13T, 5.60 + − 0.01 (n = 10 fibres); Tg-WT, 5.59 + − 0.01 (n = 11); and NTg, 5.56 + − 0.01 (n = 5). The Hill coefficients were 3.16 + − 0.15 for Tg-A13T, 2.95 + − 0.08 for Tg-WT, and 3.69 + − 0.15 for NTg fibres showing the lowest cooperativity in the mutated Tg-A13T papillary muscle fibres.
Binding of A13T-RLC to RLC-depleted porcine myosin
To elucidate the basis of the 11.4 + − 1.8 % (n = 8) incorporation of the A13T mutant into cardiac muscle sarcomeres in Tg-A13T mice compared with ∼ 100 % (L2) or ∼ 40 % (L4) of the WT in Tg-WT mice, we have studied the binding profiles of binding recombinant human cardiac WT and A13T proteins to the RLC-depleted porcine cardiac myosin. The CDTA/Triton-based treatment yielded ∼ 90 % of endogenous RLC-free myosin. Myosin depleted of endogenous RLC was then titrated with increasing concentrations of recombinant WT or A13T and processed as described in the Materials and methods section. The band intensity ratios of the ELC to the RLC, in native (not extracted) and reconstituted myosins obtained from SDS/PAGE images were used to determine the degree of RLC reconstitution. Figure 5 A 30 % increase in maximal force (expressed per cross-sectional area of muscle fibres) was observed for Tg-A13T mice compared with controls, Tg-WT or NTg (A). The increase in maximal force was not accompanied by any changes in the force -pCa dependence, and no significant differences in the pCa 50 values were observed between Tg-A13T and control fibres (B). The data were derived from measurements on 5-11 individual skinned muscle fibres. * indicates significant differences in force between Tg-A13T and control mice. mutant demonstrated ∼ 3-fold decrease in the binding affinity to the RLC-depleted porcine myosin (K d = 8.14 + − 0.95 μM, n = 10). The difference between the apparent K d values for A13T against WT was statistically significant (P < 0.01) ( Figure 5 ). An observed lower binding affinity of the A13T mutant-RLC to its binding partner, the myosin heavy chain in the cardiac sarcomere may explain the observed low level of expression/incorporation of the A13T mutant protein in the hearts of Tg-A13T mice.
Binding of A13T-myosin to pyrene-actin
To test whether the A13T mutation affects the affinity of myosin to actin in a strong binding state, in rigor, we measured the binding of A13T-reconstituted myosin to rabbit skeletal F-actin fluorescently labelled with pyrene. As shown in Figure 6 (inset), the preparation of RLC-depleted myosin shows ∼ 77 % of RLC removal (lane 2). Judging by the ELC/RLC band ratio in native myosin (lane 1), the RLC-depleted porcine myosin was fully reconstituted with either A13T-RLC (lane 4) or WT-RLC (lane 3) proteins. These A13T-or WT-reconstituted myosins were used in fluorescence-based binding assays to pyrene-actin performed under rigor conditions in 0.4 M KCl and 10 mM Mops, pH 7. As shown in Figure 6 , the averaged binding isotherms for A13T-myosin overlapped with those for WT-myosin. The apparent dissociation constant (characteristic for strong binding state) was K d = 24.4 + − 2.2 nM (n = 5) for A13T-myosin and K d = 18.9 + − 1.7 nM (n = 7) for WTmyosin ( Figure 6 ). There was a slight difference, indicating a lower affinity of A13T-compared with WT-myosin for actin, but it was not statistically significant. The stoichiometry 'n' of binding was 0.9 and 0.8 for A13T-myosin and WT-myosin respectively.
DISCUSSION
Hypertrophic cardiomyopathy is characterized by cardiac hypertrophy, myocyte disarray and interstitial fibrosis and is the most common cause of SCD in young people [34] . Although the genetic bases of FHC are quite well documented and understood, the underlying mechanisms responsible for the clinical phenotypes remain unknown. In the present paper, we focus on a rare case of FHC associated with a defect in the MYL2 (myosin light chain 2) gene, the A13T mutation in the ventricular myosin RLC. In humans, this A13T-RLC mutation was shown to cause a mid-LV obstruction due to massive hypertrophy of the cardiac papillary muscles and adjacent ventricular tissue [8] . Two later reports found the A13T-mutated patients to suffer from a profound septal hypertrophy, exertion induced dyspnoea and severe cardiac abnormalities which were enhanced by ergonomic exercise [9, 10] .
Muscle contraction and heart performance are powered by myosin, which consists of a tail region and two catalytic heads, each containing an actin-binding site, a converter domain and the ELC-and RLC-binding region [35] . Myosin is an actin-dependent molecular motor that binds ATP and actin and uses the chemical energy derived from ATP hydrolysis to produce mechanical work. The A13T mutation is located in the N-terminus of the myosin RLC, which together with the ELC support the neck region of the myosin head attaching to their respective IQ motifs [35] . The neck region of the myosin head connects the catalytic and actin-binding domains with the myosin filament backbone, and is thought to act as a lever arm amplifying conformational changes originated at the active site into large movements resulting in force generation [36] [37] [38] . It has been suggested that the interaction of the RLC with the motor domain of myosin is critical for the energy transduction process and the transition of the myosin cross-bridge from a prepower stroke to post-power stroke configuration [33] .
Given the unique position of the RLC within the lever arm domain and its active participation in the acto-myosin ATPase cycle, it is conceivable that a structural change brought about by the A13T mutation in the RLC could result in an abnormal myosin ATPase activity, decreased rates of P i release and potential changes in the power stroke. Since the hydrolysis of ATP by myosin fuels muscle contraction, it is likely that the A13T mutation in the RLC interferes with the ability of myosin to hydrolyse ATP providing inadequate energy to support mechanical work. The slower rates of P i release by the cycling A13T-mutated myosin cross-bridges ( Figure 3 ) coincided with higher force measured at maximum activation (pCa 4) in Tg-A13T skinned papillary muscle fibres compared with controls ( Figure 4A ). The greater force produced by the A13T cross-bridges was not accompanied by any increase (or decrease) in the Ca 2 + sensitivity of the force ( Figure 4B ). One can hypothesize that the structural change that occurs in the myosin lever arm (A13T substitution in RLC) is communicated to the myosin catalytic domain leading to a decreased rate of cross-bridge transition from their weakly to strongly bound configuration:
where A is actin and M is myosin [33] . According to the hypothesis of the mechanism for muscle contraction proposed by Huxley [39] , the transition from the non-force-generating states (A · M · ATP↔A · M · ADP · P i ) to the force-generating states (A · M · ADP↔A · M) in muscle can be characterized by the cross-bridge attachment rate f and the return to the non-force-generating states by the cross-bridge detachment rate g. Consequently, the fraction of force-generating myosin cross-bridges attached at maximal Ca 2 + activation can be characterized by f /(f + g) [40] . For the ratio f /(f + g) to remain constant or increased (higher pCa 4 force with no change in forcepCa) with potentially decreased f in the A13T myocardium, the rate of cross-bridge dissociation g would have to decrease. On the basis of this model, we believe that the A13T mutation affects the myosin power stroke generation by changing the kinetic properties of the cross-bridges. Future studies using singlemolecule detection, as we have done for other RLC mutations [41] [42] [43] , are necessary to directly determine the effect of A13T mutation on the kinetics of cycling cross-bridges in Tg-A13T muscle preparations.
To test the molecular basis of the low (∼ 10 %) incorporation of the A13T mutant protein in cardiac muscle sarcomeres of Tg-A13T mice, we have examined the binding affinity of recombinant human cardiac WT and A13T proteins to the RLC-depleted porcine cardiac myosin ( Figure 5) . A 3-fold decrease in the binding constant was observed for A13T-RLC compared with WT-RLC. Therefore the low level of A13T expression observed in Tg-A13T mice is most likely caused by a lower affinity of the mutant-RLC to MHC compared with WT-RLC. The low incorporation of the mutant protein into cardiac myofilaments in Tg-A13T mice raises a question regarding the potential of Tg-A13T myocardium to develop significantly higher force than NTg or WT controls. The major mechanism accounting for the functional phenotype in dominant disorders such as FHC, is believed to be that of a dominant-negative (also called poison-peptide) effect [44] . In Tg-A13T mouse myocardium both proteins are expressed, the endogenous RLC (normal allele) and the mutant RLC (A13T-Tg allele); however, the mutant protein functions as a poison peptide that changes the function of the normal protein, leading to disease. Similar effects were observed with other FHC-linked sarcomeric mutations expressed in mice, e.g. TnT [45] and TnI [46] , where despite relatively low levels of expression (below 10 %), the incorporation of mutant protein induced myofilament disarray, profound fibrotic lesions and functional abnormalities. As with our A13T mutation, the observed phenotypes associated with these troponin mutations were essentially the same as those observed in humans. Then we can conclude that A13T-RLC exerted a dominant-negative effect on cardiac myocyte structure and function in patients carrying this mutation [8] and in Tg mice (Figures 1, 3 and 4) .
It is now becoming evident that the most promising approaches to alleviate or reverse detrimental disease phenotypes must emerge from target-specific interventions determined by the functional phenotype [47] . The A13T-phenotype described in this report differs from other FHC-linked RLC mutations described in our previous studies. For example, the R58Q and D166V RLCmutations associated with malignant disease outcomes had a profound effect on calcium homoeostasis and both increased the Ca 2 + -sensitivity of contraction [17, 20, 48] , whereas no changes in force/ATPase-pCa relationship were observed in this study. However, similarly to R58Q and D166V, it is believed that an A13T-induced decrease in g (myosin cross-bridge kinetics) is responsible for abnormal contractile force even though the force was decreased in Tg-R58Q and Tg-D166V mice, whereas it was increased in Tg-A13T myocardium [48, 49] . Other phenotypic differences between these FHC-linked RLC mutations were observed in the levels of endogenous RLC phosphorylation. Both mutations, R58Q and D166V, led to a decreased RLC phosphorylation [17, 27, 41, 48] , whereas no change in phosphorylation of RLC was observed in Tg-A13T myocardium. Perhaps, the effect of FHC mutation on RLC phosphorylation underlines the mechanism of force generation in these different RLC animal models of FHC. Together results from previous and current studies on FHC-linked mutations in myosin RLC lead to the conclusion that therapeutic efforts should be focused on restoring the normal level of contractile force in FHC-diseased hearts to return their normal systolic and diastolic functions. 
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